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THE 1905 ARPA-AEC JOINT LIGHTNING STUDY AT LOS ALAMOS
VOLUME TV
DISCRIMINATION AGAINST FALSE TRIGGERING OF

ATR-FLUGRESCENCE DETECTION SYJTEMS BY LIGHTNING
Guy E. Barasch
ABITRACT

Optical discrimination techniques to prevent false triggering of
nuclear-explosion-excited eir-fluorescence detection systems by lightning
are evaluated. The spectra of l/ghtning and of air fluorescence are very
different: 1lightning emite a strong continuum and neutral and ionized
atamic line radiations, wvhereas the air-fluorescence spectrum {s primarily
molecular band radiation. The discrimination technique makes optimum use
of tvo detectors to identify the source of a light pulse through these
A1fferences. False triggering of the de.ection system occurs either when
the source is misidentified or when one of the measurements cannot be
made because the incident signal at that wavelength is belov the detection
threshold. The present evaluation is a statistical prediction of false-
trigeering rates taking into account: lightning emissions, air-fluores-
cence emissions, atmospheric propagation mechanisms, detector-component
parameters, and background radiation.

Two detection-system designs are evaluated, each of which specifies
a narrov passband at 391k L for detection of N3 N (0,0) fluorescence.
One uses 2-in.-diam "LASL-2" all-sky radiometers; the other uses improved
Sein.-diam "LASL-5" all-sky radiometers. Four discrimination-channel
wavelengths are evaluated: 4140 k (LO-f bandwidth), 4950 R (220-} tand-
width), 5000 & (20-% bandwidth), and 6563 X (20-1 bandwidth).

The predicted yearly false-triggering rates at a typical site are:
Discrimination Wavelength
Liko B 4950 R 5000 k6563 )

Two-inch radiometers 180 ~6 < L20 710
Five-inch radiameters 660 0.2 < 1% 510

The best discrimination capability is realized with the 4950-%, 220-}-
vandwidth channel, because the 391“-}./10950-}. radiated spectral-intensity
ratios of lightning and air fluorescence are substantially different, and
because lightning radiates more flux in the 220-} vand near 4950 i than
in any of the other hands considered. The rates of source misidentifica-
tions and belov-threshold false triggers are therefore minimized. Owing
to the superior discrimination characteristics of the 4950-% channel in
conjunction with S5-in. radiometers, we recormend this combination for im-

provement of current detection systems or use in any new system designs.



I. TNTRODUCTION

This report is the fourth of a series on the
optical results of the 195 lightning study. The
physices of the optical outpute of lightning and
their detection has been presented in the firet
three volumes.*® 1In this repart, optical discrimi-
nation against lightning-produced light pulses by
nuclear-explosion-excited air-fluorescence detection
systems is analyzed and evaluated.

Detection of nuclear explosions high in the
atmosphere or in interplanetary space can be accaom-
plished by detecting optical flucrescence of air, in
the upper atmosphere, excited by x rays fram the ex-
plosions. The energy radiated by the fluorescence
is on the order of a few percent of the incident x-
ray energy and is concentrated primarily in narrow
molecular bands of Np a:d Ne throughout the visible
Tuis detection method
has an inherently high sensitivity even dwing day-
1light, vhen background light levels are high: typi-
cal, practical systems, such as the Los Alamos Air-
Fluorescence Detection 3Jystem designed in 1959 by
Westervelt and Hoerlin,* can detect, in daylight, a
l-kt nuclear explosion up to at least 50,000 lm
above the atmosphere. The maximm detection range
increases by about a factor of 30 at night.

and near-visible spectrum.

Distinguishing between light pulses from light-
ning flashes and nuclear-explosion-excited air
fluorescence® i{s & necessary feature of an effective
detection system. Lightnirg storms emit many strong
optical signals and can be arbitrarily close to a
ground -based detection station. The frequency at
which these false pulses are detected can effective-
1y negate the capability to detect and identify a
"real” nuclear-explosion produced signal,

This problem was recognized in the early de-
tection-system design stages. Consequently, tvo
techniques were proposed by which inherent differ-
ences of the optical signals of lightning and air
fluarescence might be used to recognize autamatically
the source type and so "discriminate” against false
alarms produced by lightning. The study and evalua-
tion of these and other technigues to prevent ar

*Por brevity, wve will shorten this term to "air
fluoreacence” for this volume; and for clarity we
vill therefore not refer to lightning rediation as
"fluorescence.”

1imit lightning-produced false alarms has been given
the title "lightning discrimination.”

One of the proposed discrimination techniques
was baesed on possible differeusces in the optical
pulse shapes of lightning and air fluorescence. The
expected pulse characteristics for air fluorescence
had been determined thecretically (and were later
substantiated experimantally).
lightning study in 1959, we were able to show that
discrimination based exclusively on pulse shape is
not pra:tical, because many lightning pulses have
shapes i{dentical to air fluorescence.

However, in an early

The second proposed discrimination technique
wvas based on differences between the optical spectra
emitted by lightning and air fluorescence.*s> The
lightning spectrum was not known qQuantitatively;
hovever, it was knowvn qualitatively that, in con-
trast to the continuum-free molecular band rsdiation
of air fluorescence, lightning radiates a strong
continuum, as well as atomic-line and, perhaps, mo-
lecular-band features. A system of detectors with
narrov bandwidths at twvo or more spectral regions
might be able to sense these differences and so de-
termine the source of the detected pulse.

Studies of an air-fluorescence spectrum and an
estimated lightning opectrum led to the choice of a
20-] wide band at 3914 ] for detection of the air-
fluorescence (0,0) radiation of Na 1, and & 20-}
wide band at 4140 i, vhich is very weak in air fluo-
rescence but i{s in the strong continuum of lightning,
for lightning discrimination. Both sources produce
strong signale at 3914 ], but lightning signals are
much stronger at 4140 §, relative to 3914 }, than
air-fluorescence signals. The signal ratio,
3914-1/4140-%, could then be used to identify the
source type.

A lightning study vas conducted in 1903 at Los
Alamos by R. A. Amato and cther EG4C personnel to
evaluate the Los Alamos Air-Fluorescence Detection
System and lightning discrimination based on source
spectra. Amato concluded that the 3914-}/k140-}
ratio of detected signal: was an effective discrimi-
nation paramster for 984 of the detected lightning
pulses, and he recommended the construction of an
automatic lightning-discrimination system.®

However, there wvere four shortcomings of the



early lightring studies:

l. The conclusions were based mare on a sta-
tisticnl treatment of the data than on a physical
understand‘ng of the emissfon and signal -propagation

processes,

2. The canclusions were applicable to the de-
tectars that had actually been operated, but they
were not extended to newver detector designs.

« levly-proposed gpectral regions for dis-
crimination had not been studied.>

v+ The operation of a lightning-discrimination
syvstem had not been analyzed fully. For example,
the caonditions that would produce a false alarm were
not defired, and, in fact, one important source of

false alarms was totally fignored.

In the present annlysis we depart from earlier
ones: we consider i{n greater detail the exission,
propagstion, and detection of lightning and afr.
fluorescenre radiations, and we define the conditions
that ca:n lead to false alarms. For exarmple, we dis-
tinguish between genuine false alarms, where the re-
corded signals actually indicate on close inspection
that an air-{luorescence pulse was detected, vs the
tires vhen the artamatic discrimination equipment is
"fooled" and so permits s lightning signal to be re-
corded ("false trigger"). “hen the results of these
considerations are incorporated into an evaluation
of lightning discrimination, the shortcomings of the

earlier analyses are remedied.

For optimum lightning discrimination, we find
that large amounts of light must be detected from
lightning.
lightning pulses are detected and properly measured,
so that they can be accurstely identified as light-
ning and so do not produce false triggering. The
Lest way to detect large amounts of lightning radia-
tion is to use a broad spectral bandwidth sensitive
to the strong continuum of lightning. A 220-} wvide
region centered at 4950 § ts shown to be optimum for
lightning discrimination of a 391k-} detection sys-
tem, based or (a) the collection of a large amount
of the lightning continuum, and (b) the fact that
the air-fluorescence spectrum is very weak in this
region, relative to 391k k.

This requirement ensures that weak

The quantitative conclusions presented ‘, this

report are based on considerations of the folloving
aspects of lightning, the atmosphere, and discrici-
nation systems:

l. The lightning spectrum and its variations.

A
2. Modifications of the spectrum during propa-
gation to the detector.

3« The spectra of nuclear-explosion-excited

air fluorescence.

L, Detector sensitivities, flelds of viev, and
bandwidths.

%« The ways in which false triggering occurs.

Volumes T to ITI'™? dea. with the input data
represented atove by Items 1 and 2. Items 3 through
5 are treated (n this volure in the following se-

quence:

1. Section II discusses syste= operation, with
emphasis on how false trigrering is produced.

2., Gection III presents the spectra of nuclear-
explosion-excited air fluorescence, as well as a
typical lightning spectrum, and enumerates the spec-

tral regions that appear practical for Jdi!scrimina-

tion.

3« Section IV uses parameters of the detectors
to calculate their sensitivities at the spectral re-
gions of interest.

These input data are followed, in Section V, by
a derivation of anticipated false triggering rates
wvhen the various spectral regions are used for dis-
crimination.
the recammended design for discrimination against

These re=ults are used to forrulate

lightning by modern detection systers.

II. OPERATION OF THE LIGHTNING-DISCRIMINATING
DETECTION SYIJTEM

The detection systems fr~ whirh these evalua-
tions are valid use a continuously-operated radion-
eter® sensitive to a wavelength region in which

*In previous volumes of this report,”s3 and in an-
other related report,” we have used the term "pho-
tometer” to mean vhat we now call & "rediometer.”

We make this charge in deference to the Nomenclature
Camittee of the Optical Society of America, which
has recently endorsed the restriction of the term
"photometer” to devices for measurements of quanti-
ties only to the extent that they are visible to

the human eye.®



nuclear-explosion-excited air fluarescence is
strang. Regione vhich have been proposed for nucle-
ar-uxplosion detection are: 3914 k, 20-f-vide

[N3 1IN (0,0)); 4278 X, 20-R-wide [K3 1N (1,0)); and
& band within the near infrared, extending fram

~ 6000 to ~ 11,000 } [N2 1P group]. The detoction
systens are limited {n sensitivity at a particular
spectral region by statistical noise of the photo-
electron beam of the detector.
ated in daylight by the detection of the background
light, and at night both by detection of background
1{g/it and the internal processes of the detector,
Typical daylight sensitivi-
ties of the detection systems, expressed in terms of
the distance frcm vhich an explosiorn can be detected,
range from 5.5 x IO‘JTX lon, vhere Y, 1s the x-ray
yield of the explosion in kilotons, for the LAAFDS*
as designed in 1959, to an estimated 10° .ﬁ; kn for
the newest des.gn.
or more greater at night than in daylight.

This noise s gener-

such as dark current.

The sensitivities are 10 t. aes

Lightning typically produces detectable signals
fram distances of 60 knm during daylight and of more
tnan 100 km at night. The actual maximun distance
fram which lightning can be detected depends un at-
mospheric conditions, local environment, the light-
ning storm {teelf, and details of detector construc-
tion, such as field of viev,
than the maximum-detection distance, lightning can
trigger any of these detectors at a high rete, so

If storms occur closer

that it becomes impossible to isclate a nuclear-ex-
plosion-produced signal.

To decrease the rate at which triggering is
produced by lightning, inherent differences between
lightning signals and air-fluorescence signals can
be used to differentiate vetween them. Such differ-
ences can occur in the pulse shape, the shape of the
optical spectrum, the characteristics of the electro-
magnetic radiations, or the relationship hetwveen op-
tical and electramgnetic radiations. In the prelim-
inary optical lightaing study, in 1959, we f~und that
differences in optical pulse shupes are not euffi-
cient far useful differentiaticon of all lightning

p\u&'n

The spectra of lightning and air fluorescence,
however, are basically very different: lightning
emits a strong continuum, s ¥ neutral and ionized
atomic line rediations, v, .reas the air-fluorescence

spectrum i{s caomposed primarily of molecular band
radia“ions.
regions exist in wvhich the emitted intensities can

Because of these differences, spectral
be used to identify the source. We wiil present the
act Al spectra of lightning and air fluorescence,
and derive such spectral regiaons from them, in Sec-
tion 111, after presenting the criteria by vhich
optimum spectral regions must be chosen.

To effect discrimination on the basis of dif-
ferences i{n source spectra, two regions of the de-
tected spectrum are measured. One region contains
the spectral feature used for air-fluorescence de-
tection and is called the detection channel. The
other region is celled the discrimination channel.
The two spectral regions are chosen so that their
relative signals for air fluorescence differ {(n a
known wey from the signals for lightning. Any de-
tected signals in * - “wo regions are sutomatically
compared, and the .ype of source {s identified on
the basie of the comparison.

As an example, suppose we are using a detection
channel at 3914 § and a discrimination channel at
L140 k. The eignal ratio 3914-1/4140-} for most
air-fluorescence spectra i{s known to be > 10; wvhere-
as that for lightning averages ~. 1 and {s never
larger than 6.
tion-ratio criterion of 10; that is, we set our ap-
paratus 8o that all pulses with & 3914-1/4140-}

In this wvay, ve relect all

We therefore choose a discrinina-

rati{o < 10 are rejected.
lightning-produced signals for which tne discrimina-
tion-ratio test is possible.

The discrimination-ratio test becomes impossible
for pulses so small that, although detected in the
detection chennel, they are below threshold in the
discrimination channel.
channel, no solution to this kind of false trigger-
ing can be effected vhile full detection sensitivity
is maintained.
however, depends on the spectral region chosen for

For a given discrimination

The number of such pulses that occur,

di{scrimination, and much of our evaluation has been
concerned with minimizing these "below-threshold”
false triggers.

As an example of below-threshold falee trigger-
ing, consider again a detection system with channels
at 3914 and 4140 }.
duces eignals st the detectors with a 391k-i/k1L0-}

Suppose a lightning pulse pro-



ratio of 2.0, well within the range of lightning-
produced ratios.? A pulse with this ratio would be
re ‘ected Ly the discrimination system if it could be
detected in both chaaonels. Suppose, however, that
the pulse 1s only slightly above the detection
threahold at 3914 k. Because 3914- and 4140-} chan-
nels have about equal sencsitivity, and because we
have postulated a 4140-% signal only half as large
as the threshold 3914-} signal, the 4140-} signal 1s
smaller than the discrimination-chrnnel threshold
end thus carnnot be detected. A false trigger is
produced, even though the spectrum raoitted by this
pulse {s {nherently suitable for discrimination.
This is the major source of false triggering men-
tioned in Section I as not having been noted in pre-
vious lightning-study analyses.

In the examples siven above, wve have assumed
that lightning and air-fluorescence have detection-
channel to discrimination-channel ratios different
enoug! to permit unambiguous scurce determination.
This assurptioon vas manifest in our statement that
tiie 3914-1/4140-}1 ratio was > 10 for air fluores-
cence, and < 6 for lig.tning. There are a number of
spectral regions suitable for unambiguous differen-
tiation between lightning and a typical air-fluores-
cence spectrum. Howvever, in some of these spectral
regions, an unambiguous determination of source type
becomes impossible 1t we consider typical nuclear-
explosion-excited air-flucrescence spectra. This
ambiguity is an indirect cause of detection-system
false triggering.

Suppose, with the detection system discussed
atove, we rmust consider an air-fluorescence spectrum
excited by a high-altitude nuclear explosion in
which the 3914-k/b140-% ratio 1s only 5. Such a ra-
tio may be possible vhen high-yield explosions occur
near the atmosphere, oving to a decrease of the
391k-} feature relative to the rest of the spectrum.
We must set the discrimination-ratio criterion to s
value less than 5, say 4, to be sure to detect and
not reject a pulse from this source. However, there
are also lightning pulses with ratios greater than
4. When these pulses are detected, they are mis-
{dentified as air fluorescence and so produce
"saurce-misidentification” false triggers.

Thus, there are two {nherent lightning-caused
sources of false triggering of a nuclear-explosion

detection system: source misidentification, and
belov-threshold pulses incident on the diecrimina-
tion-channel mdiometer. This false triggering ean
be minimized or eliminited by the proper choice of
diecrimination wavelength.

Pirst, source misidentifications can be aini-
mized if a discrimination channel can e found for
vhich the range of detection chamwnel to discrimina-
tion channel spectral-irridiance ratios produced by
air fluurescence and the range of ratios produced by
lightning overlap the least.

Second, below-threshold false triggering ce. Le
minimized 1if the sensitivity to lightnirng of tne
diecrinination channel radiometer is made as large
as possible relative to the detection channel sensi-
tivity. We have noted that many lightning pulses
vhich proiuce just-Cetectable signals in the detec-
tion channel would produce belovw-threshold sigrals
in a normal.sensitivity discrimination channel. Any
enhanced sensitivity of the discrimination channel
to lightning would permit much false triggering to
be eliminated.

Radiometer s2nsitivity to lightning can be in-
creased by: 1) us. ¢ a larger rediometer, 2) a
more sensitive detection element, or 3) detection of
more of the emitted lightning redistion. The first
two methods do not effectively increase the discrim-
ipation-channel sensitivity relative to that of the
detection channel for t-e fcllowing reason. Whate
ever changes are applied to the discrimination chan-
nel nlso will be applied to the detection channel to
increase its sensitivity, sod there will be no change
of relative sensitivity.

However, the third approach can be made so that
the changes are not applicable to the detection
channe’. radiometer. A spectral region for 4iscrimi-
nation must be found vhich meets twvo criterias:

l. 1lightning radiates strongly relative to the
detection channel, and

2. npuclear-explosion air flucrescence readiates
weakly enough, relative to the detection channel,
that the source can be recognized from the vatio of
the twvo channels' outpute.

One discrimination region that meets these cri-
teria is a narrov passband that surrounde a bright
atcaic-line emission of lightning, but vhich is a



relatively dark regian of the air-fliorescence spec-
trun. Here the sensitivity increase far lightaing
detectian occurs because the ataric-line radiaticn
in the discrimination channel i{s larger than the

cant inuum rediation in the detection channel.

Another suitable spectral region is a broad re-
glon of continuum rediation. Lightning exhibits a
strong continuus, at least belov 6000 A, and troad
spactral regions can be found {n which lightning
rediates much mare strongly, relative to 391k or
4278 X, than nuclear-explosion-excited sir fluores-
In this case, the sensitivity advantage oc-
curs as follove.

cence.
Owing to its strong continuue,
lightning rediates much more flux in a brond epec-
tral region at the discrimination wvavelength than it
doz2 {n the narrov detection channel. Between 3900
and 6000 ), the flux rediated by i htning is ap-
proximately proportioral to the bandwidth; and, so,
a 220-k-wide discrimination channel detects about 11
times as much flux as does a 20-f-wide detection
channel. The background-radiation induced noise {s
also larger in the discrimination channel, but only
by o factor proportional to the square root of the
tandvidth.
tio, or sensitivity, is realized for lightning.

Thus, a net gain of signal-tn-noise ra-

III. PECTRAL REGIQNS FOGR DISCRIMINATION

We have shown that the followving criteria rust
ve satisfied for effective discrimination.

l. The raetio of expected air-fluorescence sig-
nals {n the detection and discrimination channels
must be as different as possible fram the ratio for
lightning, and, in particular, the overlap Letween
the tvo ratio distributions sust Le minimal.

2. The signal-to-noise ratio of the discrimin-
ation channel under typical operating condition.
must be as large as possible relative to that of the
detection channel.

We aust nov find regions of lightning and afir-
fiuorescence spectra that satisfy these criteria.

2o 3&‘1‘0

A typlcal lightning spectrun recorded by Connor'
and an air-fluarescence spectrum recorded in the
laboratory by Hartman® are shown for caomparison in
Plg. 1. Both have 6- to 8-} spectral resolution and

were narwalized to 3914 k. The qualitative differ-
ences an wvhich the lightning-discrimination tech-

the predoninant molec-
ular-band features of ai{r fluorescence vs the strong
continuum and the neutral and ionized atomic-line

features of lightning. The quantitative difference
showvn decreases with detection systems having poorer

nique is based are apparent:

spectral resclution, owing to the decrease in peak
intensities of the band features as they become ef-
fectively broader.

l. Lightning. The ligh.ning spectrum of Fig.
1 {s that of & subsequent return stroke / im {rom
the spectrograph, corrected for atmospheric trans-
mission. The collimated photoelectric data? have
shown that most other lightning phenomena, such as
cloud strokes and leaders, have similar spectra at
3914, 4140, and 6563 K, although, as Connor also re-
parted,} first-return-stroke spectra are somevhst
different.

The spectrum shown is typical of subsequent-
return-stroke spectra recorded at Los Alamos during
the 1905 summer lightning season. Lightning occur-
ring elsevhere aor at other times of the year may
differ in detafl.
narrov atomic-line features are provably typical of
most lightning strokes, and ve infer that the visible

However, the strong continuum and

spectra of all lightning phenomena excluding firet
return strokes are substantially the same as that
shown in Fig. 1. The variations of this spectrus
from pulse to pulse and {ts modification for the
~ 8% of all pulses that are first return strokes
have been derived from the lightning-study data and

are used {n the discrinination-syste: evaluation.

2+ Air Fluorescence. The air-fluorescence

spectrum of Fige. 1 was excited by 800-ev electrons
in air at a pressure of 0.07 Torr, corresponding to
an atmospheric altitude of 66 kn.® This altitude
approximates the U0 km viere the maximum x-ray en-
ergy would nominally be deposited from a high-alti-
tude nuclear detonatione. Therefore, the laboratory
spectrum should closely approximate the spectrum of
the air-fluorescence pulse produced by a high-alti-
tude nuclear explosion, so lang as the energy density
deposited within the atmosphere {s small, as wvould
be true for the air-fluorescence pulse excited ty a
distant, exo-atumospheric nuclear explosion.
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However, there are cther cases of interest in
vhich the air-fluorescence spectrum can differ sub-
stantially from the labaretory spectrum: 1) explo-
sions wvithin the atmosphere that produce fireball
rediation, and 2) large explosions near the atmos-
phere that deposit large energy densities vithin it,
such as the Starfish explosion.i®

First, fireball rediation has a strong continue
um very similar to that of lightning. Therefore, if
fireball rediation {s present, the discrimination
systenm based on spectral differences between light-
In this
case, howvever, other paramet. s such ss pulse dure-
tion can be used to discriminate against lightning.

ning and air fluorescence wvill not vork.

Second, vhen & nuclear explosion occurs near
the atmosphere, large densities of l; ions are pro-
duced in the atmcspheric region vhere the x rays
from the explosion are deposited. These ions ap-
preciably trep their ovn rediation within the highly
dosed volums by self-absorption, «r resaonance scat-
tering, as described by Bennett.l! Consequently,
ground-based detectors see a decrease of 391k.}
[N; 1IN (0,0)] rediation; the missing photons appear
tostead at 4278 § (0,1), 4709 } (0,2), or 5228 X
(0,3)s

A systen that uses 391k ] for air-fluorescence
detection and some other wavelergth, such as L1k0 },
for lightning discrimination, vill therefore see a
smaller 391k-l to L1kO-} ratio for a high dose-rate
nuclear explosion than that predicted from the labe
oratory air-fluorescence spectrum. We have shown
how this maiification of the air-fluurescence spoc-
trum can lead to higher false-triggering rates.

A system that used 4278 ] rather than 3914 }
for air-fluarescence detection vould be three times
less sensitive to veak pulses, but vould not be ad-
versely affected by spectrum modifications caused by
self-absarption.

To evaluate lightning discrimination by systems
designed to detect explosions near the atmosphere,
wve must knov the fluorescence spectrum of highly
dosed air. As representative examples, wve have used
spectra recorded fram five high-altitude nuclear ex-
plosions, taken along lines of sight in vhich atir-
fluorescence rediation wvas predaminant. The details
of these spectrs were obtained fram unclassified
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sections of classified references, as follows:

1. Starfish. Spectrum recarded by Bennett!?
and reduced by Sappenfield.*® A preliminary reduc-
tion of this spectrum is presented by Hoerlin in an
unclassified report.i®

2. Checkmate. Spectrum reported by Peek and
Sappenfield.’ No quantitative reduction s pos-
sible oving to the slitless operation of the spec-
trograph, but for the purposes of this report the
spectrum appears qualitatively similar to the ladbo-
ratory air-fluorescence spectrum of Fig. l.

3+« Kingfish. Twvo spectrs along separate lines
of sight reported by Peek and Sappenfield.}*

L. Bluegill.
of sight reported by Peek and Sappenfield.}S

Tvo spectra along separate lipes

5. Teak. Spectrum reported by Stone,.®

B. Discrimination Regions

On the basis of the ligntning and air-fluores-
cence spectrs of Fig. 1, a 391k-} detection channel
and any of four discrimination channels as listed in
Table I appear practical for an effective detection
and discrimination system. The 4140-§ dfscrimina-
tion region fits between the features, Nz 2P (0,3)
and lh’ 1N (0,1) of the air-{luorescence spectrum;
included within this passband is the wear Ny 2P (3,7).
The 4950-1 discrimination region lies in & broad
minimm of tre air-fluaorescence spectrut. It is
limited at each end by strong features of x$ 1
the (0,2) transition belov and the (O,}) abvove; the
220-] bandwidtl e the broadest passtand that fits

Spectral Features of 391k-} Detection Chane
nel and Four Discrimination Channels

Table I.

"."iemh BArdx\ddth Alr

Fluorescence Lightning
3914 20 N3 1M (0,0) c*
L1ko Lo N2 2P (3,7) C,NI(6),NI(10)
k950 220 Nz 2P (1,7) C,NII
(b,1); NII
5000 20 196 NII
6563 20 Nz 1P (7,4) Ha
°C = continuum



Table II. Detection-to-Discrimination Channel Ratios far Lightning and Air Fluarescence
Spectral-Intensity Ratio (per k)
3914 | 9. | 3914 L 91s §
b1ko } h950 } 5000 & 6563 1
Svurce 9 W) Y ) 8] W) 0 L)
Lightning
A\'eroc,e 1.2 1.2 1.1 1.1 0.5 00’ 005 0.7
Max Lrnam ~6o ~6. ""h‘S "‘“‘5 ~50 ~~. ~~o ~~l
Air fluorescence,
derived from
ubaratory &)o h)o 500. 220. 160. 1.600 27. 1'.
Checkmate (estimeled) > 10. > 10. > 10, > 10, > 10, > 10. >10. > 10,
Starfish 12, 7. 10. 7.0 3. 3. 0.7 0.k
Teak 6.0 3.0 7. 3.5 3, 3, o o
{ingfish
(a) 5.0 3.0 8.5 4.8 - - 2. 10.
) L.0 2.4 7.5 L3 Te L, 1. 6.
Bluegill
(&) 1.2 1.0 8.0 6.0 7.5 6.0 3.0 2.6
o) ol 0. 6.5 5.9 5.0 5.0 1. 10.

*3914.] bandwidth

between tnese two spectral features and has an ac-
ceptably small response at both. The 5000- and
6563-1 dtscrimination regions are based on lins fea-
tures of the lightning spectrmum. At 5000 §, the
fluorescence spectrum of Fig. 1 also shovs an appar-
ently strong line feature, with the same origin as
that (n lightning. lowever, in air fluorescencs,
this feature is much veaker than the 391h-1 detec-
tion feature. There is also moderately strong redi-
ation at 6563 } in air fluorescence due to the (7,4)
band of Ng 1P, but in the spectrum of Fig. 1 it 1s
veaker than 3914 i.

The detection-channel to discrimination-channel
retios of spectral irradiances (V caz~2 }-1) thet
wvould be measured for lightning, for the laboratory
air-fluorescence spectrum of Fig. 1, and for some
nuclear-explosion-excited air-fluorescence spectra
are given in Teble II. Dt» are presented far tvo
different bandwidths at 3914 L: a 20-1 bandvidth 1s
prectical with the LASL-5, 5-in., five-element,
quartz, 120° all-sky lens,” but e minimm bandwidth
of 43 } can be obtained at 3914 § vith the older

LASL-2, 2-in., four-elemsnt, glass, 155° &ll-sky
lens” which vas used {n the lightaing study.}”

In attempting to differentiate between the
lightning spectrum and the "weak" air-fluarescence
spectrum of Fig. 1, any of the discriminstion chan-
nels voild be effective. The reatios derived from
the air-fluarescence spectrum are three times or
sore larger than the maximum observed retios pro-
duced by lightning. Therefare, the discrimination
system would not misidentify the source, and the on-
ly false triggering would be of the below-threshold
type.

However, wve must also consider the modified
spectre of Table II as representative of possible
sir-fluarescence pulses excited by nuclear-explosion
X rays. In general, the detection-channel to dis-
crimination-channel ratios of these pulses are
shifted tovard the lower valuss of lightning. In
@Any cases, there is considerabls overlap of the
distributions of lightning and air-flucrescence re-
tios. Therefore, a nuwer of source-misidentifice-
tion false triggers will be produced if discrimination

n



channels are used in vhich overlap occurs.

In particular, at tvo of the discrimination
channe]l wavelengths, the spectral-irrediance ratio
produced by one of the nuclear-explosion air-fluo-
rescence pulses (as underlined) is indistinguishable
from that profuced by lightning. At 4140 k, lignt-
ning {s indistinguishable from the spectrum derived
from Blusgill; at 6563 A, from Starfish. It 1s
therafore impossidle to construct a discrimination
system based an spectrul differences between 391k
and 4140 1 that would properly dentify a Blusgill-
1ike epectrum, or one using 391k and 6563 i that
vould properly identify Starfish.

At the other two discrimination-channul vave-

lengths, 4950 and 5000 i, most air-flucrescence and
lightning-pulse spectral-intensity retios are dis-
crete. For 4950-1 discrimination in conjunction
vith a 20-1-vide 391L-.] detection channel, all air-
fluocrescence-pulse retios are 2 6.5 and all light-
ning-pulse retios are £ 4.5. Thus, a discrimination
systen that 1is free from source-misidentification
false triggering can be realized. For 4950-% dis-
crinination in conjunctiou with the 43-f-vide,
3914-1 detection channel of the 2-in.-lens system,
and for 5000-1 discrimination for either detection
system, & emall degree of overlap existe between air-
flnorescence and lightning-retio distributions.
This overlap vill cause a fraction of the incident
1ightning signals to be zmisidentified if the dis-
crimination system is adjusted to identify all the
Table II air-fluorescence pulses correctly.

We vill shov later that the use uf the 5-in.
lens vith 391k-} detection and 4950-1 discrimination
produces very fev false triggers and so defines a
highly effective lightning-diecriminating detection
systen,

IV. DETECTGR SENSITIVITY®

The seneitivity of a rediometer is best des-
cribed hers by the minimm incident signals it can
detect. For a monochramatic source such as the
3914-1 K¢ 1N (0,0) feature, the minimm-detectable

*We follow Donahus's derivation of all-sky-detector
sensitivity given in Reference 5; our aamenclature,
however, is thet endorsed recently by the Namencla-
ture Camittee of the Optical Society of America.®
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signal must be expressed as an irradiance,

hn(\vl en™?), For cantinuum sources such as lightning
at 391k, 4140, and 4950 1, it muet be expressed as a
spectral irrediance, H_(¥ ce2 [-1). This latter
term 1is also used to represent the minimm-detect-
able signal for a monochromatic plus continuum
source, for vhich the signal is expressed as an
average spectral irrediance over a given bandwidth.
Exaxples of this type of source are the two light-
ning emissions at 5000 and 6563 }.

In the presence of background rediation, with
spectral rediance K (¥ cn2 gr-! f-1), the sensitive
ity of a redicmeter is limited by the statistical
fluctuations of the background-produced photoslec-
tron beas of the photamltiplier. The photoelectran
beam current, i.e., the cathode current, can be
vritten

1. " lbnA.SToM(AﬂP) ’

vhere () is the solid angle (sr) subtended by the
rediometer's field of view, Ae is the entrance pupil
area (cz®) of the radiometer, S 1s the sensitivity
(Amp W=1) of the photocathode, T o 18 the tranemit-
tance of the lens and interference filter assembly
at {te peak wavelength, and A\ 1is the spectrel tand-
viath (L) of the assembly.
‘n' present an this cathode current withir the elec-
trical bvandwidth, Af (Hz), of the amplifiers, 1is

The rms noise current,

1/e
1n-<2car1c) (Amp)

vhere e is the electron charge (Coul).

The minimm-detectable eignal muet produce s
poak current, 1., thet 1s k tises the noise current,
‘n' The factor k is the signal-to-noise retio and
must be ~ 5 for reliable operstion.

For a monochramatic source of minirum-detect-
able irrsdiance, h., ve can write

1 = k1

s n.hnAos'ro(w) ’

or

1/2
2e 8f K, O

A. S'l‘o

h.-k

W ea? -1

Thus, the minimm-detectadble irrediance, h., becoms e



larger, 1.e., the detector sensitivity decreases,
for increases of electrical and spectral bandwidths
and of solid angle and vackground rediance, and for
decreases of entrance-pupil aree, cathode sensitiv-
ity, and tranmmittance of the optice.

For a continuua source of minimm-detectable
spectral irradiance, H , ve find

1, = ki = H A ST & (Amp) ,
or
2eaf a 1/2
e
S T S o ca=* k-1)
Ay ST, OM

In this case, the dctector becamss more sensitive as
the spectral bandwidth increases; the dependence of
sensitivity on all the other parameters remains as
above.

We have used the paurameter valuss given in
Table III to derive detector sensitivities for this
evaluation. The parameters given represent the best
available and most suitable optical components at
each wavelength. The daylight rediance, no, is con-
servatively assumed to be independent of wavelength.
The actual decrease of Nb vith increasing wavelength
vhich occurs when the 4aylight sky ie relatively
clear enhances discrimination effectiveness, because
all discriminatione-channel background-1light noise
signals decrease relative to 3914 k. The background
radiance at night can be ~ 10° times smaller than
during daylight, but it still remains the primary
noise source in properly-designed radiometere.

The sensitivities of the 2- and 5-in. all-sky
radiameters to the Na 1N (0,0) (391k-1) rediation of
air fluorescence are represented by the minimum-de-
tectable irradiances at 391k L. From the sppropriate
parameters of Table III, we find that for daylight
operation:

hy (2-in.) = 1.0 x 10°7 W ea™®

hy (5-1n.) = 7.5 x 10°® W cm~®

These values of h- are related to the maximm

Table II1. Radicmster-Sensitivity Paremsters
lans
Puremster Tvo-Inch Five-Inch Units
Signal-to-noise
retio, k ] 5
Electrical band-
wvidth, Af 8 2 KHz
Solid angle®, } L.3 2.65 or
Entreance pupil
area®, A, 0.12 1.4 o
Photocathode
sensitivity, so
3914 } 0.060 0.060 Amp w-?!
4140 § 04065 0,065 "o
~ 5000 | 0.053 0.053 N
6563 0,020 0,020 "o
Optics and filter
transmission, To'
3914 § 0.17 0.16
b1ko } 0.25 0.2
~ 5000 } 0.35 0.31
6563 L 0.3% 0.32
Spectral band-
width, A\*®
3914 L3 20 i
L1ko L3 Lo "
k950 20 220 "
5000 } 50 20 "
653 A 70 20 "
3pectral radiance
of tackground, nb
day 10 10-¢ Wemfgr-1f-2
night 10732 10-12

*These data have been measured and are presented ino
Reference 7.

distance, R(iom), from the earth at vhich & nominal
uuclear expivsion of x-rey yield Y (ktlotons) can
be detected. Bennett's calculations® can be used
to infer the ground-level 39lk-} irrediance, h, from
this nuclear explosion. If the efficiency of

Ns 1N (0,0) production 13 0.58% and the atmospheric
transamission is 0.6,

300 Y
R?

X Wem2)

(For & l-kt explosion at & distance of 10° km, the
predicted 3914-} irrediance 1s thus 3 x 10°® W cm~2,)
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If the values of h- given above are used in this
expression, the systea detection ranges, R, are:

R (2-tn.) = 5.5x10‘J§ (m) ,

and

R (5-in.) = 2.0x109.ﬁ: (m) .

At night, the background spectral radiance de-
creases by a factar of ~ 10%; the minimm-detectable
irrmdiance decreases by a factar of -~ 10°; and the
nuclear-detection range increases by a factor of
~ 3. The maximum increase of sensitivity occurs on
moonless nights.

In the derivations of false-triggering retes,
we vill need for each of the two detectors:

l. the minimum-detectable spectral irradiance,

H,, for a continuum source at 3914 1, ana

2. the minimum-detectable spectral irrediance
for a continuum source at each of the discrimina-
tion wavelengths, relative to that at 3914 L.

From the paramsters of Table III, ve find that
the 3914-} minimum detectable spectral irradiences
for daylight operetion are:

B, (2-tns) = 2.5 x 10°° y cp~® |2
apd
Hy (5-1n.) = 3.8 x 1030 y cp~® |-

At night, these values decrease by a factor of ~ 107,

To obtain the sensitivity of one detector at
wvelength ), relative to another at ),, ve take the
inverse of the ratio of their minimum-detectable
spectrul irrediances:

Hy (o)

H(h)

s, )T, 0,) 8aaly,)
S(h) To(Ag) 800\,

Detector sensitivities at the discriaimation wave-
lengths, relative to A, = 3914 1, sre given in Table
IV. The values presented for the tvo lenses are
normnlized separetely.

There is a strong increase of relative sensitiv-
ity with increasing bandvidth, as camparison of nar-

1k

Table IV. Sensitivities of Radiometers to Continuum
Rediation Relative to 3914 }
Uavelen& l
b bi1ko 4950 5000 6363
Two=-Inch Lens
Bandwidth, b3 b3 20 5 70
Sensitivity 1.0 1.24 20% 1,42 1.06
Five-Inch Lens
Bandwidth, 20 40 20 20 20
Sensitivity 1.0 1.75 437 1.32 0.83
rov and broad channels near 5000 1 ehovs. This in-

crease is caused by the fact, discussed earlier,
that the {ncident spectrum, vhich is a continuum,
contains more energy in & broad bandwidth than in a
DArrov one.

There are line rediations, as well as & contin-
uum, present i{n lightning emissions in same of the
spectral channels shovn in Table IV.! The relative
sensitivities given assume, however, that the i{nci-
dent spectrum is a continuum or {ts equivalent,
{.e., that contributions from line radiations are
treated as {f they were spread over the entire tand-
wvidth of the rediameter. Thus, the strong Ha-line
redfetion at 6563 | and the NII radiation at 5000 A
must be spread over broad bandwidths i{n the 2-i{n.-
lens system and much parrover ones in the 5-in. sys-
tea. The effects of the line rediations relative to
the continuum rediations also present will thus be
different i{n the tvo systems. We will use different
source intensities for the tvo systems, at 5000 and
6563 1, to express this difference. Radiation in
the L1L0-} channel s primarily continuum and 8o is
umaffected by differences of spectrel handwidth.

V. CAICULATION OF FALSE-TRIGGERING RATES

The evaluation of the four proposed discrimina-
tion channels for the detection system designs based
on 2- and 5-in. lenses must include the effects of
the following varisbles: detector parameters and
background radiation which affect detector sensitiv-
itiss, lightning emissions, air-fluorescence emjis-
sions, and stmospheric-transmission parameters.

Early attempts to evaluate discrimination capaiilities?



indicated that it was necessary to consider all the
varisbles and their variations simultaneously. We
therefore developed a calculation to predict statis-
tically, on the basis of all the variables, the num-
ber of Mlse triggers of a detection system that
vould be produced by lightning if each of the dise
crimination channels were used, The calculation
provides a means to compare accurately the light-
ning-discrimination capability of the various chan-
In addition, it gives an estimate of tie ac-
tual rates at vhich lightning will produce false
triggers.

nels.

Ae. Variables that Affect the Faloe-’l‘riwrini Rate

l. Detector Parameters. The only detector
parameter ve have not discussed is the discrimima.
tion ratio, {.e., that ratio of detection to dis-
crimination-channel signals at vhich the source
If spectra similar to the

{dentification changes.
air-fluorescence spectrum of Fig. 1 are to be dif-
ferentiated fram lightning spectra, & 3914-k-to-dis-
cimination-channel ratio of 10 will effectively sep-
arate the tvo distributions of signals for each of
the discrimination channels. Therefore, the primary
calculations of false-triggering rates wvere btased on
this ratio of 10. The variations of false-trigger-
ing rates were also investigated as the ratio de-
creased from 10, to account for nuclear explosions
that deposit large energy densities in the atmos-
phere.

2. Lightning Emissions. The eaissions of
14 {ng have been discussed in the first three
volu  of this report.’"® e require, first, the
distribution function of spectral intensities emit-
ted at 3914 i by lightning as determined from the
collirnted-detector data and presented in Volume II.2
In surmary, lightning emits 3914-] spectral intensi-
vies of 3 x 10% to 107 W sr=! k-2, vith a most probe
able value of ~ 10* W er-? -1,

We also require distribution functions of ratios
of spestral intensity emitted by lightning at 391k }
to spectral intensities in the discrimination-chan-
nel passbands. These functions have been derived as
follovs.

(a) 3914-R/4140-1 ratio. For the 2-in.-lens
system, the 3914-}/u140-} distribution function
vas genereted from all-sky detector data. Wing

has shown that the distribution of retios is "log-
normal,” f.e., that the logarithms of the retios
have a "normal,” Gaussian distribution. The avere
age retio 1s 1.2; the average deviation, t 35%.1°

For the 5-in.-lens system, ve used the 391h-}/
4140-} dfstribution function gensrated vith colli-
mated-detectar results. Both collimated-detector
vandwidths for this ratio were ~ 20 i, and the
distribution function is troader than that gener-
ated fram the broader-tand all-sky-detector data.
This disparity of distributions is probably caused
by the expected greater fluctuations of the light-
ning spectrum as the passband becomss narrowver.

We use the d‘stribution function that wvill lead to
the higher predicted false-triggering rete. Re-
cently reduced results have been added to the data
presented 1o Volume II,2 giving an average 3914-}/
L140-} ratio of 1.05 t koS,

(b) 3914-L/4950-1 ratic. For both systems,
the 3914-1/4950-] distribution function vas gener-
ated from a relatively poor sample of all-sky-le-
tector data, recorded by Amato vith a 4915-},
174-}-tandwidth, 2-1n.-lens detector.}’ The dis-
tribution used 1s "log-normal," with an average
ret1od? of 1.2 ¢t 3%%.* To be conservative, ve
have added uncertainty to the distribution bty using
an aversge deviation twice that given by the data.
Amato also used & similar radiometer centered at
4870 L during the 193 lightning study.® Coasider-
ing the effects of an apparent sensitivity change
of that detector during daylight, his 133 results
and the 195 average ratios used here are in ex-

cellent agreement.

(c) 391k-1/5000-} ratio. No narrov-passband
rediameters vere opsrated at 5000 L during any of
the lightning studies because the possible value
of this spectral feature for discrimination vas
first recognized by Connor during the analysis of
the slitless spectra taken in 1965. The present
treatment is an extension of his discussion of
discrimination in the context of a more quantita-
tive calculation. Our lack of detailed lknowledge

*For this sample, to be conservative, ve have used
storm-k4 data wvhich were rejected in the presenta-
tion of Volume III. They represent a substantial
fraction of the 1965 data sample, and modify the
ratio distribution so as to increase the predicted
false triggering rate.
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of the variability of the 391k-}/5000-} ratio,
however, has forced us to be conservative in our
estimate of the distridbution function, and so we
may underestimate the effectiveness of 5000 } for
discriminztion. Our false triggering rates for
5000-1 discrimination therefore approximste an up-
per limit to thoss that would be predicted with
proper input data.

Connor has genereted average ratios and their
distribution functions from 50 return-stroke s11tZ°
and slitless® spectra. For 20-}-wide spectral
channels, representative of the 5-in.-lens system,’
he finds the 3914-1/5000-k ratio to be 0.5 t 25%.
We have used, inrtead, a log-normsl distribution
wvith an aversge ratio of 0.67 and an aversge devi-
ation of ¢ 40%. The average ratio wvas increased
to 0.67 because other types of lightning phencm-
ena, such as cloud pulses, are not represented
among the spectrogreph data. These phencmena are
provably weaker pulses and may have a lowver degree
of ionization than return strokes. If so, the
5000-§ NII feature vould be considerably weaker,
relative to 3914 i, than the return-stroke avernge.
We substantiate this argument as follovs. Contin-
uing currents are weak phenomena for vhich spectrs
were obtained; they shov weaker NII 5000-1 redia-
tion than do higher-current return strokss.! We
feel that the ratio of 0.67 1s a conservative
aversge of 391k-§/5000-% ratios for 20-} band-
vidths from a data sample including all lighining
phenomena. The average deviation of t 40% of the
sverage retio is typical of average deviations de-
rived from the collimated-detector dats for other
vavelengths and 20-} bandwvidths.

For & 50-f-vide channel at 5000 } and a 43-}-
vide channel at 3914 ), representative of & 2-in.-
lens system,” the 5000-} 1ine contribution must be
reduced, thereby increasing the 3914-1/5000-} re-
tio. The continuum level at this point on the
spectrum 1s known, relative to 391k , from the
3914-1/4915-1 data discussed sbove. We have used
an average 3914+1/5000-1 ratio of 1.0 t 40%, vhere
the average deviation {s again 40%.

(d) 3914-1/6563-]1 ratio. For the 20-f-vidth
channels of the 5-in.-lens system, ve have used
the distribution function derived fram collimated-
detector data and presented in Volume II.2 The
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average 3914-1/6563-1 retio 1s 0.47, 1ts average
deviation is ¢ 4O%,

For the 70-l-wide 6563-}1 channel of the 2-in.-
lens system,” the 6563- Ha 1ine contribution is
saller t-an that for a 20-k-wide channel. The
3914-},/5563-1 ratio derived from the all-sky-de-
tector lightning results cannot be used, owing to
a filter imperfection.? We have used a conserva-
tive average 3914-k/6563-% ratio of 0.83 : 4LO%
vith a "log-normal” distribution.

3. Atmospheric Transmission. To predict false-
triggering rates of an sll-sky detection system, we
aust know how the spectral irradiance, H, at the de-
tector depends on the spectral intensity, I, emitted
by lightning as a function of distance, x, and vave-
length, \. We have presented this subject in Volume
IITI® of this series; the conclusions are summarized

below,

Five factors influence the distance dependence
of signals detected by an all-sky radiomete at any
vavelength.

(8) The i{nverse-square lav decreases the detec-
ted irredianrce wvith increasing distance by a factor

of X.'o

(b) Atmospheric scattering and losses through
the top and bottom of the atmosphere decrease the
detected irradiance approximately exponentially
with distance by a factor of exp(-ue"x), vhere

err 10 8N effoctive extinction coefficient (km=1).,

(¢) The final scattering into the ail-sky de-
tector's entrance pupil is proportional in strengtn
to the scattering coefficient, u.(u'l), above the
detector, in the absence of clouds.

{(d) Clouds above the sll-sky detectors can add
strong scattered signals, relative to atmospheric
volume scattering. We have used a variable factor
to account for (c¢) and (d), as discussed below.

(e) The measured irradiance depends on the all-
sky detector's field of viev by s factor of g which
represents the fraction of incident scattered ligit
collected. Thus, for a "spherical,” uniformly res-
poonsive detector, g = 1.

The distance dependence of the spectrum detected
by an all-sky detection system, relative to 3914 I8
18 not affected by the inverse-square lav, wvhicu



If all the de-
tectors are of tlie same type, their field-of-view
The modifications of the

operates equally at all wavelengths.

factors are also equal.
relative spectrum are thus caused only by atmospheric
scatterin: and lie tetwveen tie following extremes.

In a dense atmosphere vwith visibility of 29 km
or less, tie detected relative spectrum does not
di{{fer fram the emitted spectrum, to a good Aapproxi-

mation.

In a clear atmosphere in vhich the visibility
{8 ~ 100 n or greater, tie relative spectrum may be
modified as tollows. For source-to-detector dis-
tances of 40 ik or less, the spectrum recorded bty an
all-sg detector of 120° or 165° field of viev is
stronger in the Llue than the source spectrum be-
cause bLlue light scatters more strangly into the de-
tector's entrance pupll than does red light. This
ennancement cai ne as much as a factor of 2 for 3914
vs 6563 k.
red end of the spectrum ie enhanced (Ly As much as a
ractor of 3 at 100 km) at 6563 1 relative to 3914 .

This red enhancement is caused by a losa of blue

For distances of 60 xm or greater the

light, by scattering, over the long path to the de-
tector., .ne change from blue to red enhancement oCe
curs, and the detected spectrum i{s the same as the

source spectrum, at about S0 «km.

Clouds over the shorter source-to-detector
scattering paths minimize the blue enhancement of
the relative spectrum owing to the large contribu-
tion at all wavelengths of light scattered at the
lover cloud surlace.
distances may occur with clouds over the detector {f
most of the light-propagation path i{s through a

The red enhancement at larger

clear atmosplere.

We have derived the following values of the pa-
rameters Merr and g for all-sky detectors.

(a) The effective extinction coefficient,
“err? is {nvariably less than the atmospheric ex-
tinction coefficient, u. Thus, the all-sky detec-
tor signala at all wavelengths decrease more slove-
ly with increasing distance than the direct-path
distance dependence of exy(-ux), oving tn the
stronger scattered light incident fram sources at

greater distances.

The relationahip between Herr and , cannot be
derived precisely from available data. We know

from preliminary calculations that Hepr varies
from ~ 0.5 u for y « 0.03 k™! (> 100-km visidbile
1ty) to ~ 0.25 4 for u = 0.2 km~! (20-km visibil-
ity)e We infer from the lacx of distance depend-
ence of the relative spectrum for dense atmos-
pheres that Mere is appraoximately independent of
wavelength for u > 0.15 xm~!.

() The fleld-of-view factor, g, is approxi-
mately equal to (1/2n, vhere (] is the solid angle
subtended by the detector's field of viewv.

At 3914 1, the relation between the emitted
spectrel intensity I (W sr-! i-!) and the detected
irrediance H(x) (W cm~? i-!) at distance x (km) in
the absence of clouds is approximately

i{x) = 10% 1 g—" (em”g/f) .

The factor of 10)° {s required by the different
units of H and x.

To account approximately for the variation from
a clear, cloudless atmosphere through a denser,
clouled one, wve have multiplied H(x) by a factor, k,
vhich varies fram 0.5 to 2. The mmaller values rep-
resent a clear atmosphere in which H(x) {s propor-
tional to M The larger values are valid vhen
clouds are present over the deteactar.

Bs Calculation Method

The false-triggering rate for a given pair of
detectors under given atmospheric conditions {s cal-
culated as follovs.

le A lightning pulse {s assumed to occur at a
distance, x, from the detector.

2. A small range of 391u4-} spectral intensi-
ties, say, I to I + A, is assumed for this pulse.
I must fall between 3 x 10° and 107 W sr-} }-%,
vhere lightning {s kinown to radiate.? The provabil-
ity, AF(I), that the spectrnl intensity is between I
and I + AI 18 given Ly the distribution function?

AF(I) = [dF/d(log I)] AI/I .

3. Tnis pulse can be detected by the 3914-}
detector if its intensity, I, produces a spectrsl

i{irradiance, H, at the detector that {s larger than
i{ts minimun-detectatle spectral irradiance, Bm' H
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is calculated from I and the propagation mechaniszs
and s compared wvith %.

L. If the pulse can be detected at 391k {, it
can also produce a falee trigger. Wwhetler it does
so depends on the relative strength of the discrimi-
nation-channsl spsctral intensity.

(a) If the discrimination-channel spectral in-
tensity rediated {s so lov that the signal at the
detector {s belov its minimm-detectable spectral
irrediance, Il", a "belov-threshold” false trigger
occurs. The limiting discrimination-channel spec-
tral intensity, I_’, can be calculated from Hn'
and propagation mechanisms, and the ratio
Ry, = I/1.’ can be formed.

() 1If the discrimination-channel spectral in-
tensity rediated is so lov that the ratio of
391k.} to discriminstion-channel spectral irredi-
ances at the detector is greater than the dixcria-
ination retio, Rc, that defines lightning vs air-
flucrescence identification, & source misidenti-
fication falee trigger occurs. The limiting spec-
tral-intensity retio, R., at the source can bde
calculated from Rc and propagation mechanisms.

S 1f the pulse has & 3914-} to dlscrimins-
tion-channel spectral intensity retio greater than
either R. or R., & false trigger of ane type or the
other occurs. The probability of this falee trigger
is the product of a) the probability that the pulse
has & 3914-} spectral irrediance in the interval
(I, I ¢ 5l), and b) the probability that the ratio
is greater than either R- or R., vhich can be ob-
tained from the appropriate spsctral-intensity-retio
distribution function.

6. The calculation, at distance, x, is per-
formed for all values of I rediated by lightning.
The probabilities are summed. This calculation
gives far a stroke that occurs a horizontal dis-
tance, x, fram the detectors the probability that it
can be detected at 3914 ] and the probability that
it will produce a false trigger.

T+ The calculation {s repeated for all dis-
tances, x, fron 1 im to & distance so great that no
lightning pulse can be detected. The results at
each distance are weighted as though one lightning
stroke occurs on every square kilometer, and they
are susmmed for all distances.
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8. The calculstion outputs are a) the number
of pulses detected at 3914 L, and b) the number of
false triggers received, assuming that, on the aver-
age, ane lightning stroke has occurred on every
square kilameter near the detection station. Also
retained in the calculation outputs is c) the de-
pendence of each of the probabilities on distance,

Xeo

9. The false-triggering rates per storm can be
estimated by assigning ~ 10* pulse to each storm.
This value represents an active storm of 500 flashes
wvith an aversge of 20 pulses each. As an example,
for a given set of conditions, if lightning can be
detected to & maximum distance of 56 km, the number
of pulses assumnd by the calculation at the rete of
one per equare kilometer would be ~ 1 x 10*, repre-
senting ane storm epread uniformly throughout the
S6-km redius.

C. Results

We first present predicted false-triggering
rates for typical daylight and night conditions.
These results are adequate for evaluating the rela-
tive merits of the four discrimination channels for
a given detection-system design and for comparing
the tvo designs. We then discuss to vhat extent the
relative evaluation and the predicted false-trigger-
ing retes depend on input paramsters, and so define
the errors of the evaluation method.

l. Typical Conditions. Our primary ca.cula.
tions have been made under the folloving atmospheric
conditions. The effective extinction coefficient
wvas 0,080 km*! vhich repreeents a relatively dense
atmosphere at Los Alamos altitude but a typical one
at sea level. The factor, g, (see Part A 3) wvas 0.6
for the 165°, 2-in.-lens system and 0.3 for the 120°,
S-in.-lens system. The cloud factor, k, vas assumed
to be 1.0, The relative spectrum detected by the
tvo detection systems vas assumed to be independent
of distance. These inputs represent typical atmos-
pheric conditions as derived from data of the 1965
l1ightning study.?

The primary results are vased on the use of a
discrinination retio of 10 as the iivision between
air fluorescence (higher retios) and lightning.
With this value, all falee triggering is caused Ly
belov-threshold signals incident at the discrimina-
tion wvavelength.




Table V.
Nuclear Lightning
Syatem Detection Detection
Lens Time Range, km Range, km
Tvo-inch Day 5¢5 x 10* Jyx L6
Ment 1.7 x 10° VY 120
Five-inch  Day 2.0 x 1o=‘~y_x 60
Nght 6.0 x 10°.Y 128

False 1riggers Caused by One Lightning Pulse per Square Kilometer

Pulses False Triggers
Detected
st 3914 R L0k 4950k 5000k 6563 &
500 38 019 <1k 23
10,300 400 1.9 S 2o
1250 28 0.01 <6 2
16,000 190 0.05 <18 145

The outputs of the calculation for these atmos-
pheric conditions are given in Table V, assuming one
pulse per square kilometer. This calculation pre-
dicts frectional false triggers, owving to the way

the probabilities are computed.

(a) Two-inch-lens system, daylight. Of the
6650 pulses produced within the lightning detec-
tion range of 4 im, 500 are detected by the
3914-f detector. This small fraction is a conse-
quence of the rapid decrease of the probability
that an emitted pulse can be aetected as the
source-to-detector distance increases. About sev-
en percent of the pulses detected produce false
triggering 1f 4140 ) 1s used for discriminations
This rate is larger than that predicted by the
1963 aralysis® vecause of the incarporation of bee
low-thresnold false triggering. The 6563- and
5000-}1 channels are factors of 1.6 and > 2.7 bet-
ter for discrimination than 4140 ), respectively.
The 220-)-vide channel at 4950 ] 1s ~ 200 times
better than 4140 } for discrimination. The im-
provement represents the decrease of below-thresh-

0ld false triggering vhen a broad, continuum-sens-
ing discrimination channel replaces s narrower ond.

{v) Two-inch-lens system, night. At night the
nuclear-explosion detection range increases ~ 30
times; the number of lightning pulses detected at
3914 | increases ~ 20 times; and false triggers
increase ~ 10 times.

(c) Five-inch-lens system, daylight. The 5-in.
system has ~ 3.5 times greater nuclear-explosion
daylight detection range than the 2-in. system and
1t detects 2.5 times as many lightning pulses at
3914 k. However, there is less false triggering.
These characteristics are caused by the larger en-

trance pupil and narrover 3914-} passband of the
5-1n. lens’ which increase the sensitivity to the
narrov bandwidth N3 (0,0) (3914-k) emtaston of atr
fluarescence but decrease sensitivity to the
1ightning cortinuume There is a factor of 2 &
decrease in falce triggering relative to 41bO and
6563 1 1f a 20-f ~and at 5000 } is ueed for the
discrimination channel. This substantiates Cone
nor's preliminary conclusion of Volume I.! [{ow-
ever, there is a much larger improvement of dis-
crimination capability with the 220-f-bandwidth
channel at 4950 k: false triggering is ~ 3000
times less than with b1LO-k diserimination. We
limit the predictians at 4950 k for the 5-1n. sys-
tem to order-of-magnitude estimates, as will be
discussed later.

(d) Five-inch-lens system, oight. At night,
the nuclear-explosion-detection range, the number
of pulses detected at 3914 }, and the number of
false triggers increase by factors of ~ 30, ~ 13,
and ~ 6, respectively.

2. Estimate of Actual False-Triggering Rates.
The actual rates at which false triggers will be re-
ceived can be estimated by multiplying the calculs-
tion results for typical atmospheric conditions,
vhich assume one lightning pulse per square kilame-
ter, by an estimate of the actual number of pulses
per detected storm that fall on that square kilume-
ter.

The maximm distance from wvhich lightning can
be detected in daylight 1s ~ 60 km for the Sein.
The area within this "detection range" cir-
cle 1s 1,13 x 10* izx®. Thus, the rate of 1 pulse/ix®
used in the calculation i{s approximately equivalent
to one active storm averaged in its effect over the

system.
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Ta: le VI
Naminal Pulses
Systen Detection Detected
_lens Time Range, im st 3914 )
Twoeincn Day 5.5 x 10* ‘&—x 5000
Night 1.7 x10° A 20,600
Totel - 25,600
Five-inch  Day 2.0 x 10 A 12,500
nignt 6.0 x 10° ,/y_x 32,000
Total .- Lk, 500

Yearly Falsce-Triggering Rates of Detection Syrtems

Falee Triggers

L1ko k 4950 & 5000 i 6563 %
380 1.9 < 140 2%
800 3.8 < 280 L8o

11680 5.7 < h20 70
260 0.1 < 60 220
380 0.1 < 76 290
660 0.2 < 1% 510

entire area within daylight detection range of the
detection station. The number of false triggers
given for daylight sensitivies {s, therefore, with-
.t correction, the average number of falee triggers
per daylight storm,

At night the detection range increases to
128 xm for the 5-in. system, an area of ~ 5 x 10* .
The assumed rmte of 1 pulse/ki produces a total
nuwaer of pulses equivalent to five active storms.
Tuus, the nwsbers of pulses given in Table V for
night storms should be multiplied by 0.2 to give the
perestorn false-triggering rate.

Let us consider a detection station at a site
that records an average of 20 daylight storms within
detection range per year. Starms vary in activity,
and ve assume that these 20 storms are equivalent to
10 active storms that produce 10* pulses each. This
storm rate {s roughly equivalent to one=half the
rute recarded at Los Alamos, vhere the thunderstorm
activity is higher than the average for the rest of
the country.??

Malan shows that the probability per unit areas
of a night storm {s ~ 0.2 times the daylight proba-
t111ty & jjowever, the area over which lightning
car. be detected (s ~ 5 time. larger at night than in
daylight. Therefore, appraximately equal numbers of
storms are recarded during day and night.

The falese triggers per year at our hypothetical
detection site under typical conditions are giver. in
Tasle VI. For 41hkO- and 6563.) discrimination there
ere ~ 10° false triggers per year. An improvement
of a factor of 2 &, to < 100 to 40O false triggers
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pear year, can be realized by use of 5000 L ror ate-
crimination, However, the 4950-k discrimination
channel will pass ~ 6 false triggers of & 2-in. sys-
tem per year and approximately one false trigger of
a 5-in. system per 5 years.

3. Dependence of Predictions on Parameters

(a) Effective extinction coefficient, . We
have made false-triggering rate predictions for
effective extinction coefficients, u, of 0.040,
0.080, 0.120, 0.20, and 0.40 km=}, assuming that
the extinction coefficients are independent of
wvavelength. The numbers of pulses detected at
3914 L, and the numbers of false triggeis given
above for u = 0,080 m~%, rust ve rultiplied by a
factor of ~ 2 for u = 0,040 xm"? and by a factor
of ~ 0.6 for u = 0,120 km"*, These results are
typical of atmospheric conditions for storms far-
tner than 10 km from tne detectors. Wwhen the
storm passes over the detector position, extinc-
tion coefriclents of 0.20 and 0.40 km"} can be ap-
plicable. For these cases, the numbers of pulses
detected at 3914 | with u = 0.080 km"! decrease by
factors of 3 and 8, respectively, and the numbers
of false triggers predicted decrease by approxi-
mately the esame factors.

The relative numbers of false triggers, for the
two systems, change Ly less than 30% as the effec-
tive extinction coefficient changes from 0.040 to

Lo Km-l.

(b) Cloud factor, k. The cloud factor, k, has
been varied in the calculations of falese-trigger-
ing rates to account for variations of scattering




mechanisma under different atmospheric conditions.
Larger k-valuesn mean that the system i{s more sen-
sitive to lightning, so that more pulees are de-
tected 1t 391k | and more false triggering ocecurs.
Over the rmnge 0.5 ¢ kK ¢ 2, the numbers of pulses
detected at 391k f and the nurbers of predicted
fals~ trigyers vary by ¢ 40%, The relative rates
at vhich false trigrering occurs vhen tvo diserim-
ination channels or systems are cawpared arv {nde-
prndent of k.

(c) Wavelength dependence of e« A8 noted, the
spectrum of lightning from a storm in an othervise

clear atmosphere can be modified in its propaga-
tion to the detectors. In a clear atmosphere, the
numbers of pulses detected at 3914 f by both de-
tection systems, and the falee triggering rates of
#ll 2-in.-lens discrimination channels, are about
tvice those in the denser atmosphere., False trig-
gering of the S-in. system increases by a factor
of ~ 2 at 4140 | and a factor of 1.6 at 6563 {,
and is relatively unaffected at 4950 and 500 i.

(4) Discrimination ratio. The previous results
have been derived under the asswrption that dif-
ferentiation between lightning and laboratory air-

fluorescence spectrsa wvas required. Howvever, ve
have shown that nuclear-explosion-excited air-
fluorescence spectra can differ fram the labora-
tory spectrum, particularly in the N; 1N (0,0),
3914.1, feature, vhen the energy deposited in the
a‘mosphere is large. The discrimination system
can 1dentify these spectre properly only if the
diserimination ratios are reduced f{rom the value
of 10 assumed in the previous calculations. Wwhen
lover values of the discrimination ratio are re-
quired, source-misidentification falee triggering
may be produced.

To investigate the effects of reduced discrimi-
nation retios, ve have made false-triggering-rete
calculatinns in vhich the discrimination retio was
varied as a parameter. The calculations were aade
for tvo atmoepheric conditions: typical, dense
atmosphere and a clearer atmosphere. Results for
4140- and 4950-1 discrimination are shown in
Fig. 2; (a) apd (b) give results for the 2-in.-
lens system in typical and clear atmospheres, re-
spectively, and (c) and (4) give similar results
for the 5ein.-lens system.

In the dense atmosphere, source misidentifi-
cations begin to increase the false-triggering
rate as the discrimination ratio becomes < 5. For
L180- dfscrimination, s d{scrimination retio of
2.5 vith the 2-in. system, and 3.3 vith the 5-in.
system carrectly identifies all-air-fluorescence-
pulse spectre except those derived from Bluegill,
wvith less than a factor of 2 increase of the false
triggering rate relative to below-threshold falee
triggering. The bluegill-derived spectra cannot
be {de.tified properly by an effective discrimina-
tion system based on 4140 k.

For 4950-1 dlecrimination, a discrimination
mtio of 3.5 for the 2-in. system correctly iden-
tifies all air-flucrescence pulses, and, although
the false-triggering rate is increased a factor of
~ ) relative to below-threshold false triggering,
4950-} remmins significantly better than other
vavelengths for discrimination. The increase in
the falee triggering rate of the 5-in. system from
source misidentifications occurs for a discrimina-
tion retio that 1s significantly lowver than any
produced by air-fluorescence pulses. Therefore, a
discrimination retio of 6 carrectly identifies all
air-fluorescence sources and does not increase the
false-triggering rete.

If atmospheric scattering causes a blue en-
hancement of the lightning spectrum, as my occur
in clear atmospheres,® the discrimination systems
are more subject to source-misidentification false
triggering because the blue enhancement effectively
shifts the lightning spectrel intensity retios to-
wvard the ratios of air-fluorescence pulses. Fig-
ures 2(b) and (d) represent a clearer atmnsphere
than do () and (c), vith a blue enhancement and
distance dependence of the lightning spectrum as
discussed earlier. Because the atmosphere is clear-
er, and lightning can be detected from larger dis-
tances, the belov-thresholu false-triggering rutes
of (t) and (4) differ from those of (a) and (c).

The increases of false-triggering rates due to
source misidentifications shov the same qualitative
behavior as those for the unmodified spectrum. For
both lens systems, 4140-i false triggering increases
by a factor of < 2 by source misidentifications,
oving to the high below-threshold false-triggering
rates. With 4950-% discrimination, the 2-in. system

a
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tribution.

false-triggering rate increases by a factor of 5
but remains significantly better than that for
gther channels. The 5-in. wystem with a 4950-}
discrimination retio of ~ 6 1s not affected sig-
nificantly by source-misidsantification false trig-
gering, and can properly identify all the air-flu-
orescence pulses.

False-triggering rates with 5000- and 6563-%
discrimination behave similarly to the 4140-}
rate as the discrimination retio is decreased.
The belov-threshold false triggering rates of
these systems are lirge enough that source-mis-
identification false triggering is relatively un-
important throughout the range of air-flucrescence
pulse mtios, except for the specific case of
Starfish for vhich effective discrimination with
6563 } 1s impossible.

(e) 391k-1/4950-} distribution function. The
predictions of false-triggering retes for 4950-}
discrimination are at the limit of accuracy of the
calculations. These results are strangly influ-
enced by the shape of the spectral-intensity-ratio

dietribution function for large values of the
3918-1/8950-1 retio. As we noted earlier, the
data sample leading to this distribution function
vas limited. Therefore, the predictions shoull %
considered as an crder-of-magnitide estimate of
the false triggering produced vhen 4950 1 1s used
for discrimination.

To svaluate the effect of variations in vidth
of the distribution function, ve have predicted
false-triggering retes if the msan deviation of
the 3914-A/4950-% retio distribution increases
beyond 35%, as shovn in Fig. 3. The 5-in.-lens
system is particularly sensitive to incresses of
the mean deviation; the false-triggering predic-
tion increeses by a factor of almost 10 for a mean-
deviation change from %% to 40%. The discrimina-
tion capability remains substantially better than
that of any other channel even for a mean devia-
tion as large as 50%, although ve feel that a mean
deviation larger than 4L0% 1s extremely improbable.
As we have noted, the mean deviation of 3% alreedy
represents a doubling of the distribution vidth
given by the data.

(f) 4950-1 bandwidth. To obtain maximum dis-
crimination effectiveness vhen a continuum channel
is used, the largest possible spectrel bandwidth
should be employed. We have derived the bandwidth
of 220 } at 4950 | as the broadest band that can
be fit betwveen maximm of the air-fluorescence
spectrum. However, in practice, it may be 4iffi-
cult to nbtain satisfactory behavior of a rediome-
ter that 1is subjected to the large background flux
contained within a 220-} bandwidth.'® It may thus
be necessary to limit the bandwidth to less than
220 A. This limitation vculd affect the detector
sensitivity and, therefore, the false-triggering
rete.

We have calculated the numbers of false trig-
gers for 4950-1 bandvidths of fram 220 to 100 },
as showvn in Fig. 4. Within this range, and parti-
cularly for bandwidths a 130 K, the discrimination
efficiency of 4950 X remmins substantially better
than that for other channels,
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VI. DISCRIMIRATION OF A LARGE AREA, SOLID-STATE
AIR-FLUGRESCENCE DETECTION SYSTEM (SSAFDS)

Recent studies have showvn that a large, broad-
vand array of infrared-sensitive, solid-state detec-
tors can detect nuclear explosions at distances
about 10 times greater than can the rediometer sys-
tems. The detection medium is fluorescence in the
upper atmosphere of the entire first positive group
of Ng. These systems are also extremely sensitive
to lightning.

Ve have investigated self-discrimination of a
solid-gtate array by msans of spectrel isolation in-
to tvo bands within the infrered and camparison of
the signals in these bands. As Darsahus has shown,®
spectral differences between air-fluorsecence and
lightning pulses becoms smaller as the spectral re-
gions in vhich differences are to be measured become
Lrosder. We have considered infrured spectral re-
glons as narrov as 200 § and have found no suitable
cambination of vavelengths that wvould permit effec-
tive lightning discrimination. In particular, the
combination of 200-i-vide channels at 8900 }

[Ne 1P (1,0)]) for detection and 8200 k (NI (2)] or
7450 L (NI (3)) for discrimination would be effec-
tive only under certain selected circumstances.

We have also stuiied dlscrimination of a solid-
state array by an auxiliary pair of photomultipliere
tube rediometers, based on 5-in. all-sky lenses at
3914 K (20-1 vandwidth) and 4950 k (220-k banmdvidth).
This "discrimination system” has been shown in pre-
vious sections to be extremely effective for dis-
crimination, and it also has a sensitive detection
capability of its owvn. However, the discrimination
capability of the hybrid system including the solid-
state array 1s poor because the discrimination radi-
ometers are limited in sensitivity relative to the
solid-state detector. This disparity in aenuuv;-
ties permits a higxh rate of false triggering vhen
weak lightning pulses detected by the main array are
below the thresholds of the discrimination radiome-
ters.

The false-triggering rate of such a hybrid sys-
tem can be decreased by decreasing the sensitivity
of the solid-state array to appraximately the sensi-
tivity of the discrimination channels during periods
of lightning activity.
duce a correspading reduction in nuclear detection
range.

This vould, of course, pro-

We therefore recommend that a 5-in.-lens dis-
crimination system be designed for the proposed
solid-state detection systems. The operating proce-
dure of such & hybrid system would include the limi-
tation of the main array sensitivity for the dura-
The "discrimination
system” vould, itsel”, have a nuclear-detection
range of 2 x 103 J!—x km, effectively lightning dis-
criminated, regardless of the main-array sensitivity.

tion of an electrical storm.

Also, because of the high degree of spectral resolu-
tion made available by the 5-in. lens through the
visible, other inforwation can be cbtained.

VII. SUMMARY AND RECOMMENDATIONS

We have considered the prevention of false
triggering by lightning of nuclear-explosion detec-
tion systems sensitive to Ny 1N (0,0) (3914-}) flu-
Lightning discrimination based on recoge
nition of the source spectrum is effective against &
large fraction of the detected pulses 1f a spectral

orescence.



region near 4140 }§ (40-1 bandwidth), 8950 & (220-}
bandvidth), 5000 k (20-} bandwidth), or 6563 L (20-%
bandvidth) is used as a discrimination channel. We
have evaluated each discrimination channel quantitae-
tively on the basis of experimental and theoretical
evaluations of false trigsering. Detection systems
that use either the 2-in.-diam "IASL-2" oar the im-
proved S-in.-diam "[ASL-5" all-sky lens were ana-
lyzed.

For LASL-2-lens radiometers, 4140 § 1s the
poorest discrimination channel but is still effec-
tive against ~ 95% of all lightning pulses detected.
The actual false-trigrerins rate {2 - 10° per year.
Discrimination wih 656% ! ¢ives ~ 40% improvement
in the false-triggerins rate, Tne improvement using
5000 § 1s at least a factor of 2.8, relative to
4140 §, and may be significantly more. A great im-
provement is obtained with a 220-f-vide channel at
4950 §, vhich, under typical conditions, permits on-
ly about six false triggers per year.

If the LASL-2 radiometers are replaced by a
LASL-5 system, the nuclear-explosion detection range
increases by a factar of ~ 3.5, and the number of
lightning pulses detected per year increases by a
factar of 1.7, but the number of false triggers de-
This {mprovement is caused by the inc.-nsed
sensitivity to H; AN (0,0) (3914-1) radiation of air
" uarescence and the decredased sensitivity to the
3914-1 continuum of lightning of the narTowver spec-
tral passband of the LASL-5 lens at 3914 k. Dis-
cerinination-channel effectiveness increases in the
sane onler as that given for the LASL-2 system:
4140-}1 scrimination 1s effective against 98.5% of
the detected pulscs and about 660 false triggers oc-
cur; 6563 } produces a small {mprovement; and 5000 &
18 st least a factor of 4.8 better than 4140 k.

creases.

The cambination of a 220--vide 4950- discrim-
ination channel and a LASL-5 detection systerm nearly
eliminates false trigrering. Although the calculated
rate of one false trigger per five years (equivalent
to 5 x 10"® of the detected pulses) {s an order-of-
magnitude estimate, in any case, the value of this
channel and system for discrimination is unsurpassed.

We therefore recommend that nev detection sys-
tems be equipped vith LASL-5 radiometers, and that
discrimination against lightning be accamplished with
a 220-1 band centered at 4950 i. A pair of LASL-§

gy sliine s

radiometers, centered at 3914 {1 (20-% bandwidth)
and 4950 § (200-% bandwvidth) is the most effective
discrimination system for the solid-state air-flu-
orescence detection system that we can recammend at
present,
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